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This study investigated the characteristics of the ﬂow and dispersion of reactive pollutants in three-
dimensional idealized street canyons in the presence of building-roof cooling to provide implications
in how a green-roof system contributes to mitigating of pedestrian exposure to near-roadway air
pollution in street canyons. The pollutant chemistry was simulated using a coupled CFD-chemistry
model. In the presence of building-roof cooling, winds and temperature ﬁelds inside the building can-
opy of the street canyon were signiﬁcantly modiﬁed. Building-roof cooling, intensiﬁed the street-canyon
vortex strength (up to 26.6% in downdraft, 10.4% reverse ﬂow, and 7.7% in updraft). Building-roof cooling
also decreased air temperature in the street canyon by supplying cooler air near the building roof. The
changes in the in-canopy distributions of primary pollutants (NOX, VOCs and CO) due to building-roof
cooling were mainly caused by the modiﬁed mean ﬂow rather than the chemical reactions. High con-
centrations of primary pollutants occurred near the upwind building because the reverse ﬂows were
dominant at street level, making this area the downwind region of emission sources. Ozone concen-
trations were lower than the background concentration near the ground, where NOX concentrations
were high. Building-roof cooling decreased primary pollutant concentrations by approximately 2.4%
compared to those under non-cooling conditions. By contrast, building-roof cooling increased O3 con-
centrations by about 1.1% by reducing NO concentrations in the street canyon compared to concentra-
tions under non-cooling conditions.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Land use changes in expanding urban areas affect the thermal
environment by altering the surface radiation and energy budget
[1,2]. The reduction of vegetated areas and the expansion of paved
areas increase the energy storage in urban areas [3,4], creating
unpleasant conditions and leading to adverse human health effects,
particularly during hot weather [5].
Many studies [6e8] have investigated the effect of vegetated
roofs on mitigating the urban heat island phenomenon. Alexandri
and Jones [6] found that the air temperature decreased in hot, dry,
and humid weather in urban areas where building walls and roofsental Atmospheric Sciences,
, Busan 48513, South Korea.
Ltd. This is an open access article uwere covered with vegetation. The effects of both wall- and roof-
cooling due to vegetation were more effective in hotter and drier
conditions.
The thermal environment affects the ﬂow and dispersion of
pollutants in street canyons [9e12]. Sini et al. [9] and Li et al. [12]
showed that the differential heating of wall or ground surfaces
modiﬁed the ﬂow structure/intensities and the corresponding
ventilation of pollutants. Based on both observations and a model
simulation, Offerle et al. [10] showed that the surface (wall) heating
inﬂuences wind speed, wind direction, and air temperature in ur-
ban street canyons.
With regard to in-canyon air quality, most studies have focused
on the dispersion of nonreactive pollutants [13,14]. However,
vehicular emissions, a major pollution source in urban areas,
consist mostly of reactive pollutants, such as nitrogen oxides
(NOX ¼ NO þ NO2) and volatile organic compounds (VOCs). Toxic
secondary pollutants, such as ozone (O3), are produced in thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Computational domain and building conﬁguration. The blue color indicates
emission sources. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
Table 2
Summary of building-roof cooling scenarios (air and building wall temperatures are
ﬁxed at 20 C and ground temperature at 50 C).
Experiment CNTL EXP1 EXP2 EXP3 EXP4 EXP5 EXP6
Building-roof temperature 50 C 45 C 40 C 35 C 30 C 25 C 20 C
S.-J. Park et al. / Building and Environment 109 (2016) 175e189176atmosphere chemically [15]. To simulate the dispersion of reactive
pollutants, some studies have considered chemical reactions in
their model simulations. Kang et al. [16] examined the diurnal
variation of NOX and O3 in an urban street canyon for different
intensities of ground-surface heating using the steady-state O3-NO-
NO2 photochemistry. Kwak et al. [17] presented the effects of VOCs
and NOX emission ratios on their distributions in street canyons
using a computational ﬂuid dynamics (CFD) model coupled with
the carbon bond mechanism IV (CBM-IV). However, the distribu-
tions of the reactive pollutants were not discussed in detail. Park
et al. [18] analyzed in detail the effects of street canyon aspect ratios
and VOCs-NOX ratios on the distributions of reactive pollutants
using a coupled CFD-chemistry model, but building-roof cooling
effects were not considered. Most studies have investigated scalar
pollutants in a 2-dimensional street canyon and few studies have
simulated building-roof cooling. Investigating the characteristics of
ﬂowand the dispersion of pollutants in idealized street canyons can
help better understand the microscale air quality associated with
complicated meteorological phenomena in real urban areas.
However, few studies have investigated the effects of the thermal
environment modiﬁed by vegetated surfaces on ﬂow dynamics as
well as the dispersion of reactive pollutants. Therefore, this study
quantiﬁed the effects of building-roof cooling on the ﬂow and
dispersion of reactive pollutants in a ﬂuid dynamics and pollutant
chemistry framework, applying a coupled CFD-chemistry model to
three-dimensional idealized street canyons. This study provides
implications in how the green-roof system contributes to miti-
gating pedestrian exposure to near-roadway air pollution in street
canyons. The remainder of this paper is structured as follows.
Section 2 describes the model, simulation setup, model validation.
Section 3 describes the simulation results in detail and includes
schematic diagrams inform a dynamics perspective. Finally, we
summarize and conclude our ﬁndings.Table 1
Boundary conditions applied in this simulation.
Flow Dispersion
Solid wall Wall function Dirichlet condition
Inﬂow Unchanged with time Periodic condition
Outﬂow Zero-gradient condition Zero-gradient condition
Lateral boundary Zero-gradient condition Zero-gradient condition2. Model description and simulation setup
2.1. Model description
The coupled CFD-chemistrymodel used in this study is the same
as that used in Kim et al. [19] and Park et al. [18]. A full tropospheric
NOX-OX-VOC chemical mechanism from the Goddard Earth
Observing System (GEOS) -Chem [20] was coupled with the CFD
model in Kim and Baik [11]. The CFD model assumes a three-
dimensional, non-hydrostatic, non-rotating, and Boussinesq air
ﬂow system. The governing equations are numerically solved using
ﬁnite volume and semi-implicit methods for a pressure-linked
equation (Semi-Implicit Method for Pressure-Linked Equations;
SIMPLE) algorithm [21]. In the SIMPLE algorithm, three wind
components are calculated ﬁrst under an assumed pressure devi-
ation ﬁeld. The pressure and wind-component deviations are
calculated using the pressure-linked equations. At each time step,
this procedure is repeated until the adjusted solutions attain the
desired accuracy. This model employs a k-ε turbulence closure
scheme based on renormalization group (RNG) theory. To consider
the wall boundary effects, the wall functions for momentum, heat,
turbulent kinetic energy (TKE), and TKE dissipation rates proposed
by Versteeg and Malalasekera [21] are used in the CFD model. For
details of the CFDmodel, see Refs. [11,13]. GEOS-Chem includes 343
chemical reactions for 110 species, including 50 photochemical
reactions. The chemical reactions were solved using a gear type
solver (Sparse Matrix Vectorized Gear Code; SMVGEAR) [22], and
for photolysis rates, the Fast-J algorithm developed by Wild et al.
[23] was implemented.
2.2. Simulation setup
To investigate the effects of building-roof cooling on the ﬂow
and dispersion of reactive pollutants in street canyons, we adopted
the same computational domain, grid system, and boundary con-
ditions used in Park et al. [18] and ﬁxed the building height (H) at
20 m (Fig. 1). The domain sizes (cell numbers) were
120  80  200 m (60  40  100) in the x-, y-, and z-directions,
respectively. The grid intervals were 2 m in all directions. The
building width (W), building length (L), and street width (S) were
also ﬁxed at 20 m, consequently, all building and/or street aspect
ratios deﬁned as H/S, W/L, W/S, and L/S are unity. The spaces be-
tween the buildings in the x- and y-directions were referred to as
the streamwise and spanwise street canyons, respectively. The
initial proﬁles for wind (U, V, W), air temperature (T), TKE (k), and
the TKE dissipation rate (ε) were determined as follows [24]:
UðzÞ ¼ u
k
ln

z
z0

; (1)
VðzÞ ¼ 0; (2)
WðzÞ ¼ 0; (3)
TðzÞ ¼ 20C; (4)
Fig. 2. Contours of concentrations on the upwind [(a) and (b)] and downwind walls [(c) and (d)] in the windetunnel experiment [(a) and (c)] (from Fig. 5 in Gromke et al., 2008) and
this study [(b) and (d)]. Concentrations are nondimensionalized by the building height, inﬂow speed at the building height, and emission rate.
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εðzÞ ¼ C
3=4
m k
3=2
kz
: (6)
Here, u is the friction velocity, z0 is the roughness length (¼
0.05 m), k is the von Karman constant (¼ 0.4), d is the boundary
layer depth (¼ 1000m), and Cm is an empirical constant (¼ 0.0845).
Details of the building and domain conﬁgurations and boundary
conditions are summarized in Table 1.
The street canyon surfaces are differentially heated because of
the solar zenith and azimuth angles. For simplicity, however, we
assumed that only the ground and building roofs are heated by the
sun. Previous observational studies have reported that the surface
temperature of concrete could exceed 50 C in summer [25], and
the green roof system could reduce building-roof temperature by
up to 30 C [26]. In this study, ground temperature was set to 50 C,
and the building-roof temperature varied systematically from 20 to
50 C in increments of 5 C, as shown in Table 2, to account for the
green roof effects. In the control run (hereafter, CNTL), the building-
roof temperature was the same as the ground temperature.Both NOX and VOCs were emitted at z¼ 1 m from 4mwide area
sources located in the center of the streets (Fig. 1), at a rate of
50 ppbv s1 and with a volumetric NO2 to NOX ratio of 0.1 [27,28].
The VOCs were composed of lumped C4 alkanes (45.41%), lumped
C3 alkenes (37.95%), ethane (6.51%), formaldehyde (3.98%), propane
(2.46%), acetone (1.85%), acetaldehyde (1.08%), and RCHO (0.76%)
[29]. The emission of CO was estimated using a CO to NOX ratio of
12:1 [19,30]. The initial and background O3 concentrations were
assumed to be 40 ppbv. The initialization method used in this study
was the same as that used in Baker et al. [31].
In each building-roof cooling scenario, we integrated the
coupled CFD-chemistry model up to 5400 s at time steps of 0.1 s.
For the ﬁrst 1800 s, the model was integrated without emissions to
establish the mean ﬂow structures in the street canyons using zero
gradient conditions at the outﬂow boundary. To obtain the back-
ground concentrations for primary pollutants (e.g., NOX, VOCs, CO,
etc.), nonreactive pollutants were emitted at the emission rates
corresponding to each primary pollutant for the next 1800 s. After
establishing the initial distributions of NOX VOCs, and CO by
equating the NOX VOCs, and CO concentrations to the nonreactive
pollutant concentrations in each grid cell, themodel was integrated
for the ﬁnal 1800 s, including the chemical reactions of reactive
Fig. 3. Nondimensionalized concentrations in the treeefree [(a) and (d)], low density [(b) and (e)], medium density cases [(c) and (f)] near the upwind building (upper panel) and
downwind buildings (lower panel). Black and red dots indicate the measured (Gromke et al., 2008) and simulated concentrations, respectively and shaded areas indicate FAC2
ranges for each case. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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applied.
2.3. Model validation
To validate the CFD-chemistry model, four identical or similar
building conﬁgurations used in the wind-tunnel [32,33], numerical
[31], and ﬁeld experiments [34] were considered. Kim and Baik [11]
implemented improved wall functions for the momentum and
thermodynamic energy equations in the CFD model to represent
the effects of solid-wall boundaries more accurately. For validation,
they considered the same building conﬁguration as that used in the
wind-tunnel experiment in Uehara et al. [32]. The vertical proﬁles
of wind speed and air temperature simulated by the improved CFD
model showed good agreement with the measured proﬁles (see
Fig. 1 in Ref. [11]).
Recently, Kim et al. [19] coupled GEOS-Chem to the CFD model.
For evaluation, they applied the coupled CFD-chemistry model to
simulations of the same building conﬁguration in Baker et al. [31]
and to a similar building conﬁguration in Dongfeng Middle Street,
Guangzhou, China in Xie et al. [34]. The NOX and O3 concentrations
simulated by the coupled model with the steady state O3-NO-NO2
photochemistry were consistent in pattern and magnitude with
those simulated by Ref. [31] (Fig. 2 in Ref. [19]). The coupled model
with the full photochemical mechanism also successfully captured
the time variation in the observed CO concentrations for both the
upwind and downwind sites in the Dongfeng street canyon (see
Fig. 3 in Ref. [19]). However, the coupled model overestimated the
NOX concentrations compared with the observations in Xie et al.[34] due to excessive NO emissions estimated from trafﬁc
volumes, implying the necessity of utilizing an accurate emission
inventory.
We evaluated the model with no photochemistry by comparing
it with the wind-tunnel results in Gromke et al. [33]. The building
conﬁguration and inﬂow proﬁles for wind and TKE considered
were the same as those in the wind-tunnel study. Fig. 2 shows the
concentration distributions on the upwind and downwind walls in
the street canyon for comparison (Fig. 5 in Ref. [33]). The measured
and simulated concentrations were nonedimensionalized using
the building height, inﬂow speed at the building height, and
emission rate. The simulated concentrations were higher on the
upwind wall than the downwind wall because pollutants emitted
from a line source were transported to the upwind building by the
reverse ﬂow near the ground. The simulated concentrations were
also higher at the center than at the building side edges, which was
caused by the incoming clean airﬂow from both sides of the street
canyon. The simulated (measured) maximum concentrations on
the upwind and downwind walls were 44.40 (42.57) and 13.97
(11.81), respectively. The model simulated the measured concen-
tration distributions reasonably well, despite slight overestimation
of the maximum concentration on the downwind wall. Using a
statistic method (fraction of predictions within a factor of two of
observations, FAC2), the simulated data were further evaluated
against the measured data in Gromke et al. [33]. Near the upwind
(downwind) building, FAC2 was 0.92 (0.99), 0.66 (0.83), and 0.57
(0.79) in the tree-free, low-density, and medium-density cases,
respectively (Fig. 3), satisfying the criterion (0.5) suggested in
Sabatino et al. [35].
Fig. 4. Wind vectors at (a) y/H ¼ 0 and (b) z/H ¼ 0.05 in the CNTL case.
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3.1. Control run (CNTL) case
The ﬂow and pollution dispersion characteristics in the control
run (CNTL) case were analyzed ﬁrst. In the CNTL case, the same
surface temperature (50 C) was used for both the ground and roof-
top. Fig. 4 shows the wind vector ﬁelds at y/H ¼ 0.0 and z/H ¼ 0.05
(which is equivalent to 1 m above the ground). When ambient
winds were blowing perpendicularly to an even-notch street
canyon, a portal vortex appeared, with both ends touching down
near the corner between the street bottom and a downwindbuilding, and the central part was slanted toward an upwind
building [11,13]. The vertical cross-section of the wind vector ﬁeld
at y/H ¼ 0 shows that a vortex appeared, rotating clockwise in the
street canyon (Fig. 4a). The vortex center was shifted to the upwind
building near the roof level. Near the ground (z/H ¼ 0.05), inside
the spanwise street canyon, the dominant ﬂow was reversed in
direction to that of the prevailing ambient winds and ﬂowed out-
ward to the streamwise street (Fig. 4b).
Fig. 5 shows the ﬁelds of the horizontal (
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U2 þ V2
p
) and
vertical wind speeds (jW j) averaged horizontally (0.5  y/
H  0.5) and vertically (0  z/H  1) in the spanwise street
canyon located at the center of the numerical domain. The
simulated mean wind ﬁelds showed the welleknown vortexe-
like ﬂow pattern in the idealized street-canyons: (1) weaker
horizontal and stronger vertical winds within the spanwise
street canyon compared with outside; (2) gradually weakened
horizontal winds toward the center of the canyon within the
spanwise street canyon with a local minimum near the center
(Fig. 5b); and (3) downward motion near the downwind build-
ing, reversed ﬂows near the ground, and consequent updrafts
near the upwind building followed by divergent ﬂows to outside
the spanwise street canyon. These upward (downward) motions
were dominant near both the edges (center) of the upwind
(downwind) building (Fig. 5c and d).
Horizontally and vertically averaged air temperature ﬁelds were
analyzed in the CNTL case (Fig. 6). Although the surface tempera-
ture of the building roofs was the same as the ground temperature,
the air temperature was high near the roof level, and the maximum
air temperature (25.3 C) occurred behind the upwind building
near the roof level (Fig. 6a). Above the building roof, high-
temperature air ﬂow is continuously supplied by warm advection
from the upwind region, while, air ﬂow from the streamwise street
canyon with cooler air is introduced above the ground along the
street-canyon vortex. This resulted in lower air temperature above
the ground in the street canyon than above the building roof. The
horizontally averaged temperature ﬁeld (Fig. 6a) indicated that the
air temperature was higher in the upwind than the downwind
region because of the warm advection by the reverse ﬂow near the
ground in the spanwise street canyon. Despite the warm advection
from the roof level near the downwind building, the air tempera-
ture was relatively low in the lower layer of the spanwise street
canyon (Fig. 6a). This was because cooler air from the streamwise
canyon was advected to the downwind building region (Fig. 6b). In
the vertically averaged temperature ﬁeld (Fig. 6b), the air temper-
ature (23.46 C) was highest near the center of the spanwise street
canyon due to the large contribution of warmer air near the roof
level.
The dispersion characteristics of reactive pollutants were
analyzed in the CNTL case. Fig. 7 shows the distributions of the NOX,
VOCs, CO, and O3 concentrations (hereafter, referred to as [NOX],
[VOCs], [CO], and [O3], respectively) averaged horizontally from y/
H ¼ 0.5 to 0.5. The maximum concentrations of the primary
pollutants (NOX, VOCs, and CO) occurred near the center of the
spanwise street canyon and were slightly shifted toward the up-
wind building due to advection by the reversed ﬂows. This feature
is slightly different from the published results [9,31] for which the
emissions occurred over the entire street; consequently, the
maximum concentration at each height appears near the upwind
building. In the upper layer (z/Ha 0.5), the distribution patterns of
the primary pollutants were consistent (i.e., higher behind the
upwind building than in front of the downwind building) with
those reported for two-dimensional street canyons [36,37]. How-
ever, for primary pollutant concentrations, a local maximum
occurred near the downwind building (rectangle in the thick black
line in Fig. 7) in the lower layer (x/H ¼ 0.38 and z/H ¼ 0.18), which
Fig. 5. Contours of horizontal wind speeds (
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U2 þ V2
p
) [(a) and (b)] and the vertical wind component [(c) and (d)] in the CNTL case. Panels on the left are averaged horizontally
from y/H ¼ -0.5 to 0.5, and panels on the right are averaged vertically from z/H ¼ 0 to 1.
Fig. 6. Contours of air temperature averaged (a) horizontally from y/H ¼ -0.5 to 0.5 and (b) vertically from z/H ¼ 0 to 1 in the CNTL case.
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Fig. 7. Contours of (a) [NOX], (b) [VOCs], (c) [CO], and (d) [O3] averaged horizontally from y/H ¼ -0.5 to 0.5 in the CNTL case.
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along a portal vortex (Fig. 7aec).
Fig. 8 shows the vertically averaged [NOX], [VOCs], [CO], and [O3]
in the CNTL case. The distribution patterns of primary pollutants
were similar to each other (Fig. 8aec). The reverse and outward
ﬂows push pollutants toward the streamwise street. Then, air ﬂow
parallel to the streamwise street pushes it downwind above the
ground (Fig. 4b). This results in a relatively higher concentration
along the thick dashed lines in Fig. 8aec. The [NOX], [VOCs], and
[CO] were lower in the spanwise street canyon than in the
streamwise streets, and the minimum concentrations occurred in
the downwind region where downdrafts containing less pollutants
were dominant. The [O3] was high in the downdraft-dominant
region, where less chemically aged air was received from the up-
per layer, and low in the updraft-dominant region, where the
abundant NO from emission sources consumed O3 effectively
(Fig. 8d). This results from the reaction of O3 with NO, and is
consistent with the result in Kwak et al. [17].
3.2. Flow and dispersion characteristics in the presence of building-
roof cooling
The effects of building-roof cooling on the ﬂowand dispersion of
reactive pollutants were investigated by systematically changingthe building-roof temperature (Table 2) and by analyzing the dif-
ferences in wind speed, temperature, and concentration of reactive
pollutants between the CNTL and EXP6 cases.
3.2.1. Flow and temperature comparison with the CNTL case
Fig. 9 shows the differences in horizontal and vertical wind
speeds averaged horizontally from y/H ¼ 0.5 to 0.5 and vertically
from z/H¼ 0.0 to 1.0. The ﬂow patterns in the EXP6 case were quite
similar to those in the CNTL case (Figs. 5 and 10). The building-roof
cooling strengthened the streamwise wind speeds near both the
roof (up to þ0.28 m s1) and ground (up to þ0.33 m s1) levels
(Fig. 9a). The slight decreases in horizontal wind speeds along the
wall of the downwind building were causedmainly by the decrease
in spanwise wind speeds. Horizontal wind speeds under roof-
cooling conditions were enhanced in the spanwise street canyon
andweakened in the streamwise streets (Fig. 9b). The building-roof
cooling also strengthened the downdrafts in front of the downwind
building in the spanwise street canyon (Fig. 9c) and the upward
motion in the streamwise streets (Fig. 9d). This result indicates that
enhanced downdrafts in the downwind building formed stronger
horizontal ﬂows from the spanwise to streamwise street canyon
(outward ﬂows), which has an important implication for pollution
dispersion, as discussed in the next section. The building-roof
cooling decreased the air temperature over the entire area
Fig. 8. Contours of (a) [NOX], (b) [VOCs], (c) [CO], and (d) [O3] averaged vertically from z/H ¼ 0 to 1 in the CNTL case.
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decrease) and were greater in the spanwise street canyon
compared with the streamwise street (Fig. 11).
The rate of increase in the averaged horizontal wind speeds (z/
H ¼ 1.05) due to roof cooling was 0.05 m s1 per 5 C cooling of the
building-roof temperature, with corresponding rates of 0.04 m s1
for the reverse ﬂow near the ground (z/H¼ 0.05), 0.01 m s1 for the
updraft near the upwind building (x/H¼0.45), and 0.03 m s1 for
the downdraft near the downwind building (x/H ¼ 0.45) (Fig. 12a).
This is consistent with the result in Baik et al. [40]. The rates of
decrease in the maximum air temperature above the building roof
and the air temperature averaged over the spanwise street canyon
were -0.74 C and 0.51 C per 5 C cooling of the building-roof
temperature, respectively (Fig. 12b).
Based on the results described above, the effects of the building-
roof cooling on ﬂow and air temperature are schematically sum-
marized in Fig. 13. Ambient ﬂow, above the street canyons, which is
the main driving force for secondarily induced street-canyon ﬂow
was strengthened in the presence of building-roof cooling
(Fig. 13a). Building-roof cooling decreased the air temperature near
the roof level and weakened the positive buoyancy in that region
(Fig. 13b). A dampened positive buoyancy, in turn, induced a
decrease in TKE by suppressing the buoyancy production of TKEand resulted in an increase in horizontal wind speed near the roof
level (Fig. 13c). The increase in the roof-level wind speeds
strengthened the street-canyon vortex and associated downdraft,
and the reverse ﬂow and updraft in the spanwise street canyon
(Fig. 13c). By contrast, along the streamwise streets, the roof-level
cooling and enhanced positive buoyancy force triggered an up-
ward motion, reducing the horizontal wind speeds. Despite the
slight temperature decrease near the ground, a larger temperature
decrease near the roof level intensiﬁed the positive buoyancy in the
streamwise streets (Fig. 13b). The horizontal wind speed was
minimized at z/H ¼ 0.05 and was gradually restored with height in
the streamwise streets. The cooled air above the building roof
moved into the spanwise street canyon, which cooled the in-
canyon air in the spanwise street along the portal vortex. In addi-
tion, the cooled air that was transported to the outside of the
spanwise street canyon by the outward ﬂows near the street bot-
tom and upwind building decreased the air temperature in the
streamwise streets. Nevertheless, air temperature is higher near the
ground than at roof level in the streamwise street because cooler air
is advected near the roof level. Consequently, the bulk Richardson
number (Rb) is negative (unstable) in the streamwise street in all
cases and it increase monotonically with building-roof cooling
(Table 3). In comparsion, Rb decreasesmonotonicallywith building-
Fig. 9. Contours of the difference in horizontal wind speed [(a) and (b)] and the vertical wind component [(c) and (d)] between the EXP6 and CNTL cases (EXP6CNTL). Panels on
the left are averaged horizontally from y/H ¼ -0.5 to 0.5, and panels on the right are averaged vertically from z/H ¼ 0 to 1.
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air temperature caused by the building-roof cooling is larger near
roof level than at ground surface (Table 3). Further investigation of
the Reynolds number (Re) shows that all of the cases considered in
this study lie in the turbulent regime.
3.2.2. Pollutant concentrations compared with the CNTL case
The distribution patterns in the EXP6 case were compared with
those in the CNTL case (Fig. 14). The intensiﬁed portal vortex due to
building-roof cooling led to signiﬁcant reductions in the concen-
trations of the primary pollutants in the spanwise street canyon.
The concentrations of the primary pollutants decreased substan-
tially above the ground, whereas [O3] increased near the roof level
behind the upward building and above the ground, with the
maximum increase at x/H ¼ 0.45 and z/H ¼ 0.15. The maximum
changes in [NOX], [VOCs], [CO], and [O3], which resulted from
building-roof cooling were 93.6 ppbv, 84.7 ppbv, 1.14 ppmv,
and þ2.16 ppbv (corresponding to 22.8, 24.8, 16.2, and þ19.4%
of the concentrations in the CNTL case), respectively, in the span-
wise street canyon. The changes in wind and TKE ﬁelds were the
major factor causing the decrease in [CO]. On top of this mechanical
factor, chemical reactions caused additional decreases in [NOX] and
[VOCs]. The larger decrease in [VOCs] compared with [NOX] resul-
ted from the fact that VOCs react with both O3 and the hydroxyl
radical (OH$), while NO reacts mainly with O3. The largestreductions in the primary pollutant concentrations were achieved
at ground level, i.e., the height at which people breathe. In contrast,
the increase in [O3] (still lower than background levels) resulted
from the decline in chemical reactivity due to the decrease in [NO].
We also found that a slight increase in the wind speed (averaged
over the spanwise street canyon) of 0.11 m s1 led to signiﬁcant
pollution reductions in such street-canyon environments.
With regard to the pollutant concentrations averaged vertically
over the spanwise street canyon, [NOX], [VOCs], and [CO] were
lower in the presence of building-roof cooling (Fig. 15aec). How-
ever, the opposite trend was simulated for [O3] because of the
reduced O3-NO reactions (Fig. 15d). The maximum decreases in
[NOX], [VOCs], and [CO] (31.6, 28.5 ppbv, and 0.43 ppmv,
respectively) in the spanwise street canyon occurred near both
edges of the upwind building (Fig. 15aec). The maximum increase
in [O3] due to building-roof cooling was 1.6 ppbv in the spanwise
street canyon (Fig. 15d). We noted that the average [O3] decreased
in the streamwise streets where the average [NOX] decreased due
to the building-roof cooling. This can be explained by the vertical
distributions of [NOX] and [O3]. In the streamwise streets, [NOX]
decreased below but increased above z/Hz 0.5. The elevated [NOX]
in the upper layer signiﬁcantly contributed to the [O3] reduction in
the streamwise streets (Fig. 16).
Fig. 17 shows the differences in the concentrations averaged
over the spanwise street canyon in each roof-cooling experiment
Fig. 10. Contours of horizontal wind speeds (
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U2 þ V2
p
) [(a) and (b)] and the vertical wind component [(c) and (d)] in the EXP6 case. Panels on the left are averaged horizontally
from y/H ¼ -0.5 to 0.5, and panels on the right are averaged vertically from z/H ¼ 0 to 1.
Fig. 11. Contours of the difference in air temperature averaged (a) horizontally from y/H ¼ -0.5 to 0.5 and (b) vertically from z/H ¼ 0 to 1 between the EXP6 and CNTL cases
(EXP6CNTL).
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Fig. 12. (a) Magnitude of wind components in the xedirection along z/H ¼ 0.05 (jUjz/
H ¼ 0.05) and 1.05 (jUjz/H ¼ 1.05) and the zedirection along x/H ¼ -0.45 (jWjx/H ¼ -
0.45) and 0.45 (jWjx/H ¼ 0.45) and (b) the maximum air temperature at z/H ¼ 1.05 and
average air temperature in the spanwise street canyon.
Fig. 13. (a) The horizontal distribution of wind speed and TKE at x/H ¼ -1 and z/
H ¼ 1.15 in the CNTL and EXP6 cases and the schematic sketches for (b) ﬂow and (c) air
temperature changes in the presence of buildingeroof cooling. Fb in (b) indicates the
buoyancy force. The subscripts rf and gd denote the roof and ground levels, respec-
tively. The superscripts up, dw, in, and ow denote upward, downward, inward, and
outward, respectively. (þ) and (-) indicate a strengthening and weakening in the
presence of buildingeroof cooling, respectively.
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concentrations ([NOX], [VOCs], and [CO]) in the spanwise street
canyon decreased at rates of 5.71, 5.38 ppbv, and 0.07 ppmv
per 5 C cooling of the building-roof temperature, respectively
(Fig. 17a). The reductions in these rates were similar (2.4, 2.5,
and 2.4% per 5 C cooling of the building-roof temperature,
compared with the average concentrations in the CNTL case). In the
case of O3, the concentration increased at a rate of approximately
0.18 ppbv (corresponding to 1.1% of the average concentration in
the CNTL case) per 5 C cooling of the building-roof temperature
(Fig. 17b).
4. Summary and conclusions
This study investigated the effects of building-roof cooling on air
temperature changes in and above street canyons, the resultant
ﬂow changes, and consequently the dispersion of reactive pollut-
ants. A coupled CFD-chemistry model was used to achieve this.
Both with and without building-roof cooling, a portal vortex was
generated in the spanwise street canyon, producing dominant
reverse and outward ﬂows near the ground. The building-roof
cooling decreased the air temperature in both the span- andstreamwise street canyons (0.74 C and0.51 C, respectively, per
5 C cooling of the building-roof temperature at the maximum
temperature) due to cooler air transport via the portal vortex. In
addition, the building-roof cooling increased horizontal wind
speeds (0.05 m s1 per 5 C cooling of the building-roof tempera-
ture at roof level) above the roof level by weakening the
Table 3
Reynolds (Re) and Bulk Richardson numbers (Rb) calculated in the spanwise street canyon (A in Fig. 1) and streamwise street (B in Fig. 1).
Experiment Rb Re
Spanwise street canyon (A) Streamwise street (B) Spanwise street canyon (A) Streamwise street (B)
CNTL 0.044 0.134 1.60  106 4,94  106
EXP1 0.023 0.127 1.63  106 4.89  106
EXP2 0.003 0.118 1.65  106 4.84  106
EXP3 0.012 0.109 1.68  106 4.79  106
EXP4 0.026 0.099 1.71  106 4.75  106
EXP5 0.038 0.091 1.74  106 4.71  106
EXP6 0.047 0.083 1.77  106 4.67  106
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Strengthened roof-level wind speeds then enhanced the reverse
(0.04 m s1 per 5 C cooling of the buildingeroof temperature near
the ground) and outward ﬂows near the ground. By contrast, along
the streamwise streets, the building-roof cooling and associated
positive buoyancy force triggered an upwardmotion. The cooled air
above the building roof moved into the spanwise street canyon,
which cooled the in-canyon air in the spanwise street along the
portal vortex. In addition, the cooled air that was transported to the
outside of the spanwise street canyon by the outward ﬂows near
the street bottom and upwind building decreased the airFig. 14. Contours of the differences in (a) [NOX], (b) [VOCs], (c) [CO], and (d) [O3], averagedtemperature in the streamwise streets. The ﬂow changes due to
building-roof cooling also affected the distribution of primary
(directly) and secondary pollutants (indirectly). Relatively high
primary pollutant concentrations occurred near the upwind
building near the ground because of the dominant reverse ﬂows,
which placed this area in the downwind region of the surface
emission sources. Due to the NO-O3 reaction, [O3] was low in areas
where [NOX] was high, and this reaction was the major factor
controlling O3 distributions. As the building-roof cooled down, the
primary pollutant concentrations were dampened in the spanwise
street canyons. This was closely related to the increase in the in-horizontally from y/H ¼ -0.5 to 0.5 between the EXP6 and CNTL cases (EXP6CNTL).
Fig. 15. The same as Fig. 11 but averaged vertically from z/H ¼ 0 to 1.
Fig. 16. Contours of difference in (a) [NOX] and (b) [O3] averaged horizontally at y/H ¼ 0.7 (in the streamwise street) between in the EXP6 and CNTL cases (EXP6CNTL).
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Fig. 17. The differences in (a) [NOX], [VOCs], and [CO] and (b) [O3] averaged over the
spanwise street canyon in each roofecooling experiment from the CNTL case ([EXPs]
[CNTL]).
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ventilation rates inside the spanwise street canyon, both
enhancing the incoming ﬂow of cleaner air and outgoing ﬂow of
more polluted air. The [O3] was directly affected by chemical
reactions with NO and hence strongly depended on the NOX
distribution, which was mostly controlled by the mean ﬂow.
Thus, the mean ﬂow changed due to the building-roof cooling
indirectly affecting the O3 distribution. The [O3] was reduced
near the ground by up to 25.9% due to the NO-O3 reaction, with
a 30 C decrease in the building-roof temperature. The reduction
rates of the in-canopy mean primary pollutant concentrations
were approximately 2.4% per 5 C cooling of the building-roof
temperature, whereas the rate of elevation of O3 was 1.1% per
5 C cooling of the building-roof temperature, compared with
those of the control run.
This study has important implications of green-roof systems for
themitigation of pedestrian exposure to near-roadway air pollution
in street canyons, and provides basic information for the design of
green-roof systems, although the conﬁguration considered here is
too simple and idealized to draw a deﬁnitive conclusion. Further
studies in actual urban environments are necessary to better un-
derstand this emerging environmental issue.
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